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Abstract 
We measured aspects of sediment methane (CH4) cycling dynamics in 3 shallow (mean depth, z = 2.1 m) and 3 deep  
(z = 6.5 m) Alaskan Arctic Foothill lakes to establish reference data to evaluate future climate-mediated changes in 
these systems and to identify lake-size-dependent differences in rates and controls on CH4 production and consumption 
or sensitivity to changing climate. The mean sedimentation rate and sediment oxygen (O2) penetration depth were sig-
nificantly higher and lower, respectively, in shallow versus deep lakes. The molar carbon to nitrogen (C:N) ratio of 12 
for sedimenting material across lakes indicated a dominance by phytodetritus. Pore water dissolved organic C and CH4 
concentrations were higher in shallow than in deep lakes at comparable depths below the sediment surface. The average 
area-based rate of methanogenesis was significantly higher in shallow lakes, exceeding the mean of deep lakes by a 
factor of 4; however, the mean potential area-based rate of CH4 oxidation was comparable between lake classes due to 
the reduced sediment O2 penetration depth in shallow lakes. All lake sediments responded similarly to chemical 
amendments. Hydrogen addition significantly stimulated rates of methanogenesis relative to unamended controls, 
while rates were unchanged by alternate electron acceptors (SO42−, Fe3+, NO3−, Mn4+), suggesting that other microbial 
groups did not compete with methanogens for common substrates or produce toxic intermediates. Across all lakes, 
30% of assimilated CH4 was converted to methanotophic biomass, and methanotrophic C production could be as much 
as 23% of epipelic primary production, pointing to the potential importance of CH4-derived C in Arctic lacustrine food 
webs.  
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Introduction
Methane (CH4) is a climate-relevant trace gas. The 
atmospheric mixing ratio has more than doubled since the 
Industrial Revolution (Dlugokencky et al. 2009), and CH4 
currently accounts for about 14% of greenhouse gas 
emissions and 30% of net radiative forcing (IPCC 2007). 
Although emissions of CH4 are lower than those of carbon 
dioxide (CO2) on a mass basis, and CH4 has a shorter 
atmospheric lifetime, the global warming potential of CH4 
exceeds that of CO2 by a factor of 25 on a 100 y time 
horizon. Thus, the Earth’s energy balance is highly 
sensitive to small changes in the atmospheric CH4 mixing 
ratio (IPCC 2007). 
Methane is produced almost exclusively by methano-
genic Archaea in the terminal step of anaerobic decompo-
sition of organic matter. Primary methanogenic pathways 
include hydrogen (H2) oxidation coupled with CO2 
reduction (hydrogenotrophic methanogenesis) and acetate 
fermentation (acetoclastic methanogenesis), although 
formate, methanol, and methylamines can serve as 
substrates for some species (Zinder 1993). Methane is 
consumed (oxidized) in aerobic environments predomi-
nately by specialized CH4-oxidizing bacteria (methano-
trophs) that utilize CH4 as a sole source of carbon (C) and 
energy (Conrad 2007), although anaerobic CH4 oxidation 
coupled to sulfate reduction or denitrification has been 
reported (Borrel et al. 2011). The rate and direction of CH4 
exchange between aquatic or terrestrial environments and 
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the atmosphere is ultimately governed by the dynamic 
balance between CH4 production and oxidation. 
Recent studies point to the importance of CH4 biogeo-
chemistry in freshwater lakes. Methanogenesis can 
account for 10–50% of total C mineralization, while 
30–99% of the CH4 produced can be oxidized by metha-
notrophs in oxic sediment and waters, reducing emissions 
to the atmosphere (Bastviken et al. 2008). Although CH4 
efflux from lakes to the atmosphere is understudied 
relative to exchange across land surfaces, early estimates 
indicate that lakes can account for 6–16% of total global 
emissions from all natural sources (Bastviken et al. 2003). 
On a local level, emerging evidence indicates that metha-
notrophic bacteria can provide a significant food source 
for higher trophic levels in lacustrine environments 
(reviewed by Jones and Grey 2011). 
The highest mixing ratios and greatest seasonal 
amplitude in atmospheric CH4 are recorded in tundra 
regions between 65 and 70°N (Fung et al. 1991, Zhuang et 
al. 2004), indicating the importance of emissions from the 
circumpolar Arctic in the contemporary atmospheric CH4 
budget. Methane production, consumption, and efflux 
from the land surface have been intensely studied in this 
region (e.g., Reeburgh et al. 1998, Christensen et al. 1999, 
King et al. 2002), but similar reports are few for lakes and 
ponds, which may cover 22–50% of the arctic tundra 
in some areas (Sheath 1986, Mazéas et al. 2009). 
Nonetheless, studies showing CH4 supersaturation in 
surface waters or emission to the atmosphere (Whalen and 
Reeburgh 1990, Kling et al. 1991, Bartlett et al. 1992, 
Walter et al. 2007, Breton et al. 2009) suggest that arctic 
lakes and ponds may contribute significantly to radiative 
forcing. Further, linkages between the diet of zoobenthos 
and biogenic CH4 (Hershey et al. 2006, Gentzel et al. 
2012, Medvedeff and Hershey 2013) indicate that 
CH4-derived C may be important at a local level in arctic 
lake food web dynamics. 
Soils in the northern permafrost zone (arctic, subarctic, 
and boreal regions) sequester about 1670 Pg of organic C 
in perennially frozen and seasonally thawed soils 
(Tarnocai et al. 2009). Current and projected increases in 
surface air temperature for this region are about twice the 
global mean (Prowse et al. 2006), and permafrost in some 
areas of the Alaskan arctic has warmed as much as 3 °C 
since the late 1980s (Osterkamp 2005). Permafrost thaw, 
thermokarsting at lake margins, and increased terrestrial 
plant production can lead to increased transport of organic 
C to aquatic systems (Hinzman et al. 2005, Prowse et al. 
2006, Schindler and Smol 2006, Frey and McClelland 
2009, McGuire et al. 2009) where it can be decomposed to 
CH4 (Walter et al. 2007) and provide a positive feedback 
to climate warming in high latitudes if released to the 
atmosphere (Isaksen et al. 2011). 
Despite evidence for the dual role of CH4 as both a 
significant contributor to regional and global warming and 
as a potentially important food resource in arctic lakes, 
details of the internal cycling dynamics of CH4 in arctic 
lakes are largely unknown. Such information is vital to 
understanding climate impacts on regional lake CH4 
emissions and food web structure. We therefore character-
ized rates and environmental influences on CH4 production 
and oxidation in lake sediments and the potential contri-
bution of CH4-derived C to benthic food webs in repre-
sentative lakes in the Arctic Foothill province of Alaska. 
Our goal was to establish reference data to evaluate future 
climate-mediated changes in CH4 cycling dynamics in 
these systems. We focused our study on 3 deep (mean 
depth, z = ~ 6.5 m; surface area 5–149 ha) and 3 shallow 
(z = ~ 2.1 m; surface area 0.7–4.0 ha) lakes to identify 
fundamental differences in rates and controls on the 
sediment CH4 cycle between lake depth classes. 
Study site 
Our study was conducted on 6 lakes located approxi-
mately 20 km north of the Phillip Smith Mountains (68°N; 
148°W) in the Arctic Foothills region of Alaska. The 
landscape is underlain by permafrost, and the vegetation is 
mostly tussock tundra, wet sedge tundra, and dwarf shrub 
communities. The average air temperature is −8.4 °C, 
lakes are covered by ice for all but 4 months, and snow 
cover is present for 6 to 8 months (Hobbie et al. 1999). 
Lakes were classified as shallow or deep, based on 
mean depth (Table 1). Mean depths (z) averaged around 
2.1 m and 6.5 m in shallow and deep lakes, respectively, 
while maximum depths (Zmax) averaged about 5.5 m and 
20 m for the respective lake classes. Relative to deep 
lakes, the 3 shallow lakes had lower volumes by at least a 
factor of 4 and correspondingly smaller surface areas. 
Catchment areas varied from 13 to 6760 ha while the ratio 
of catchment size to lake area varied from 3.0 to 45.4. 
Rooted aquatic macrophytes are largely absent from the 
study lakes, and lake bottoms are dominated by soft 
sediment, although Toolik Lake shows some shallow 
rocky areas. All lakes thermally stratified from late June or 
early July through mid-September.
Methods
Field sampling
Samples were collected from an inflatable raft or aluminum 
boat at a permanently established site located at the mean 
depth for each lake. Lakes GTH 99, 100, and 114 were 
sampled in summer 2010, and GTH 112, NE14, and Toolik 
Lake were sampled in summer 2011. Multiple sediment 
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cores with overlying water were collected in polycarbonate 
tubes (4.7 cm diameter × 50 cm length) with a KB gravity 
corer and sealed at each end without an air headspace. 
Water near the sediment–water interface (bottom water) 
was collected with a Van Dorn type sampler. Cores and 
bottom water were transported to Toolik Field Station and 
stored in the dark at 10 and 4 °C, respectively. Only cores 
maintaining clear overlying water from the time of 
collection to the point of experimentation (generally within 
24 h) were used in this study. Duplicate clusters of 3 or 4 
sediment traps (Fortino et al. 2009) were deployed at or 
near the deepest point of each lake at around the date of 
first sampling and left in place for about 5 weeks. 
Experimental
Physicochemical measurements: Duplicate cores from 
each lake were sectioned in 1 cm increments to a sediment 
depth of 10 cm, and each section was analyzed for 
porosity, water and organic content, and particulate carbon 
to nitrogen (C:N) ratio.
Depending on the intended chemical determination, 
multiple cores from each lake were sectioned into 0‒0.4, 
0.4‒1.0, 0‒3, and 3‒6 cm increments. Sections from 
similar depth increments were combined during 
processing, centrifuged, and filtered through a 0.2 μm 
nylon membrane (Millipore). Aliquots from each depth 
interval were either left unacidified or preserved with 
0.2 mL concentrated HNO3 or with 0.3 mL 6 N HCl. All 
samples were stored frozen or at 4 °C until analyzed for 
acetate, sulfur (S), iron (Fe), manganese (Mn), nitrate 
(NO3
−-N), and dissolved organic C (DOC). 
Depth distributions of pore water CH4 at 1 cm intervals 
from the sediment surface to a depth of 10 cm and at 12 
and 14 cm were obtained from duplicate sediment cores in 
each lake using a sampler modified from Jahnke (1988). 
Pore water samples were injected into sealed and weighed 
nitrogen (N2)-filled 30 mL serum vials precharged with 
0.5 mL 2 N HCl to arrest microbial activity. Vials were 
placed on a rotary shaker for 1 h and then vigorously 
shaken by hand immediately before they were analyzed 
for CH4. Vials were then reweighed to determine the mass 
of pore water. 
Duplicate sediment dissolved O2 profiles were 
measured for 2 cores per lake with a Unisense micropro-
filing system, which uses a Clark-type electrode with 
internal reference and guard cathode. The electrode had a 
50 μm sensing tip and a linear O2 response from 0 to 
100% air saturation. Stirring sensitivity of the electrode 
was <2%, and the 90% response time was <5 s. The 
electrode was calibrated with air-saturated and anoxic 
deionized water prior to profiling. Sensor current was 
recorded at 10 μm intervals with a picoammeter as the 
electrode tip was advanced vertically downward with a 
micromanipulator. The location of the sediment–water 
interface was identified with a magnifying lamp. 
Overlying water was stirred with a mechanical stirrer 
(2 rpm) while profiling to mimic the benthic boundary 
layer (Sanford 1997). Sediment traps were retrieved at the 
end of the sampling season, and particulate material in 
each trap was dried (60 °C) and weighed.
Biological measurements: The 0.4 cm surface 
sediment layer of 6 cores was rinsed into  polycarbonate 
bottles, and each was diluted to 100 mL total volume. 
After vigorous shaking, a 10 mL subsample of suspended 
material was withdrawn and filtered through Gelman AE 
glass fiber filters. Filter-trapped chlorophyll a (Chl-a) was 
extracted in 50 mL 90% buffered acetone solution for 24 h 
at −10 °C (Wetzel and Likens 2000). 
Rates of CH4 oxidation were assessed in 6 cores from 
each lake using biogenically produced (Daniels and Zeikus 
1983) 14CH4 stock (specific activity 517 MBq mmol
−1). 
Surficial (0‒0.4 cm depth interval) sediment slices were 
rinsed into 43 mL amber vials. Vials were then filled with 
filtered (0.2 μm nylon membrane; Millipore) bottom water 
equilibrated with atmospheric gases (~2.2 nM dissolved 
CH4) and sealed with a teflon-lined plastic cap without 
an air headspace. 
Samples were amended with 0.5 mL N2-diluted 
12CH4 
to give a target concentration of 17 µM 12CH4 in the 
Lake Latitude Longitude Depth
Class
Zmax 
(m)
z 
(m)
Volume
(×103 m3)
Surface 
Area (ha)
Catchment 
Area (ha)
CA:LA
GTH 99 68°29′38″N 149°35′59″W shallow 4.1 2.1 14 0.7 13 18.5
GTH 112 68°40′17″N 149°14′54″W shallow 6.0 2.2 62 2.8 30 10.7
GTH 114 68°40′45″N 149°13′44″W shallow 6.7 2.2 87 4.0 59 14.8
GTH 100 68°29′38″N 149°35′59″W deep 15.7 6.4 351 5.4 93 17.2
NE14 68°40′31″N 149°37′27″W deep 18.7 6.0 1617 25.2 77 3.0
Toolik 68°38′00″N 149°36′15″W deep 26.3 7.0 10 950 148.8 6760 45.4
Table 1. Morphometric characteristics and depth class for the 6 study lakes. Zmax and z are maximum and mean lake depths, respectively, while 
CA:LA is catchment:lake area ratio.
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aqueous phase. This dissolved concentration of CH4 was 
found in preliminary experiments to give a potential or 
maximum (substrate-saturated) rate of CH4 oxidation. 
A 100 μL aliquot of stock 14CH4 was diluted with ultrahigh 
purity N2 in a calibrated 24.3 mL vial to yield a working 
standard, and 0.5 mL (9.83 MBq 14CH4) was added to each 
experimental vessel. A killed control was also prepared by 
adding 0.5 mL 6N NaOH immediately after the addition 
of 14CH4. During all gas additions a 22-gauge needle was 
inserted into the sealing septum to allow expulsion of 
water to maintain 1 atm pressure. Samples were shaken 
vigorously by hand to equilibrate CH4 between the gas 
and aqueous phases, and samples were incubated in the 
dark at 20 °C for 12 h on a rotary shaker (100 rpm) to 
avoid mass transfer limitation (King 1990). 
Experiments were terminated by adding 0.5 mL of 
6 N NaOH. Vials were opened and placed on a rotary 
shaker (100 rpm) for 24 h to remove unreacted 14CH4. 
Samples were allowed to settle and 0.5 mL of the liquid 
phase plus 7 mL of deionized water were combined with 
10 mL scintillation cocktail (Aquasol 2; PerkinElmer) to 
analyze for radiolabeled CH4 that had been respired to 
14CO2 or released as DO
14C (hereafter collectively 
referred to as respired CH4). A solid phase subsample of 
dried (60 °C) sediment (110–591 mg) was subjected to 
high temperature (900 °C) combustion in an O2 
atmosphere (Harvey Model OX 600 Biological Material 
Oxidizer) to oxidize to 14CO2 the 
14CH4 that had been in-
corporated into microbial biomass. The exhaust gas was 
passed through a fluor containing phenethylamine 
(Harvey OX-161) to capture 14CO2. 
The following generalized protocol was used to 
prepare samples to determine rates of methanogenesis, 
and details of individual experiments are given as needed. 
Sample transfer to experimental vessels was conducted 
under a steady stream of high purity N2 or in an 
N2-filled anaerobic chamber. Sediments were slurried with 
5 mL deoxygenated, filtered (0.2 μm nylon membrane; 
Millipore) bottom water amended with L-cystiene 
(0.03 w/v). Experiments were conducted in 160 mL serum 
vials, which were repeatedly evacuated and filled with 
high purity N2 and shaken at 100 rpm on a rotary shaker 
prior to zero time sampling to allow possible degassing of 
pore water CH4 (Kiene and Capone 1985) and abiotic 
desorption of CH4 from sediment particles (Dan et al. 
2004) prior to experimentation. All vials were weighed 
before and after addition of slurried sediment to determine 
the exact mass of material (water plus sediment) added. 
As necessary, samples were dried at 60 °C and reweighed 
to normalize rates to dry sediment mass. 
Rates of CH4 production were determined on the same 
6 cores used for CH4 oxidation experiments. Triplicate 
sediment plugs (10 mL) were taken by subsampling cores 
at 0.4‒3, 3‒6, and 6‒9 cm depth intervals with a 10 mL 
syringe modified by removing the tapered tip. Samples 
were incubated statically at 10 °C, and headspaces were 
sampled for CH4 at roughly 24 h intervals for 3‒5 d. 
Incubations showed a time-linear rate of headspace CH4 
accumulation without an initial lag, indicating no 
induction of activity or depletion of substrate during the 
observational period.
The influence of chemical factors on methanogenesis 
was assessed in homogenized sediments from the 0.4‒9 cm 
depth interval of all lakes. Multiple 10 mL plugs of 
homogenized sediments from each of 4 cores from every 
lake were injected into serum vials. One plug from each 
core was amended with one of the following treatments: 
(1) Na2SO4 (10 mM); (2) KNO3 (10 mM); (3) sodium 
acetate (10 mM); (4) trimethylamine (5 mM); (5) maltose 
(10 mM); (6) H2 gas (10 mL injected into headspace); 
and (7) Fe3O2 (2 mM Fe
3+). A control with no addition 
was also included for each lake. Samples were incubated 
at 10 °C on a rotary shaker (100 rpm) and sampled 
repeatedly for CH4 at roughly 24 h intervals for 4 d. 
An additional experiment was conducted on selected 
lakes to assess the influence of various acetate concentra-
tions on rates of methanogenesis in homogenized samples 
from the 0.5 to 9 cm depth interval. Duplicate samples 
of sediments from Toolik Lake and NE14 were adjusted 
to 1, 4, 7, 10, or 15 mM acetate and incubated along 
with unamended controls as described above for 4 d. 
Thereafter, 10 mL H2 was added to the headspace and 
the incubation was continued for 2 d. Headspace CH4 was 
assessed daily for the duration of the experiment. 
Duplicate samples of homogenized pore water were 
analyzed for acetate. 
Analytical: Chl-a was determined fluorometrically 
(Turner Designs TD70 Fluorometer) following 
Welschmeyer (1994). Sediment water content, dry bulk 
density, and percent organic content were assessed 
following standard procedures (Percival and Lindsay 
1997). C:N ratios in sediments and sediment traps were 
measured by combustion of dried samples in pure O2 
(Perkin Elmer 2400 CHN Elemental Analyzer). Beta 
activity in 14CH4 addition experiments was determined 
with Packard TriCarb Liquid Scintillation Counter. Pore 
water DOC was measured by high temperature catalytic 
combustion (Shimadzu TOC-VCPH analyzer). Pore water 
concentrations of total dissolved Fe, Mn, and S were 
determined by inductively coupled plasma mass spec-
trometry (Agilent 7500cx); acetate concentrations were 
measured by mass spectrometry coupled to liquid chroma-
tography (Agilent 6520 and Agilent 1200 instruments, 
respectively); and NO3
−-N was determined by copper–
cadmium (Cu–Cd) reduction. Methane concentrations 
were determined by flame ionization detection (FID) gas 
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chromatography (Shimadzu GC8A). The precision of 
analysis at 10 µL L−1 CH4 was 0.9%.
Calculations and statistics: Headspace CH4 mixing 
ratios in serum vials were converted to a mass basis. Con-
centrations in the aqueous phase were calculated from 
temperature corrected solubility coefficients (Yamamoto 
et al. 1976) and Henry’s Law constants (Stumm and 
Morgan 1996). The total mass of CH4 in each bottle was 
computed as the sum of aqueous and headspace masses. 
Rates of methanogenesis were calculated from the time 
linear rate of CH4 accumulation in serum vials. Area-based 
rates of methanogenesis were computed by summing rates 
in the 0.4‒3, 3‒6, and 6‒9 cm core sections. In 14CH4 
oxidation experiments, radiocarbon counts in live samples 
were corrected for values in killed controls (<1% of live 
samples). Rates of CH4 oxidation were then calculated 
from fractional utilization of 14CH4 (respiration plus incor-
poration into biomass) and the aqueous phase 12CH4 
concentration. Sedimentation rates were calculated as the 
mass of dried (60 °C) material collected in sediment traps 
normalized to time and surface area.
Dixon’s Q-tests were performed to identify any 
outliers in data. Student t-tests were used in lake depth 
class comparisons, while relationships between variables 
for the entire data were assessed with Pearson’s product 
moment correlation coefficient. A one-way ANOVA 
followed by post hoc Tukey’s test was used to identify 
within lake differences among treatments in substrate 
amendment experiments. All statistical analyses were 
conducted at the α = 0.05 level.
Results
Lake physiochemical characteristics
The only statistically significant differences between 
shallow and deep lakes with respect to basic physico-
chemical properties were in the average rate of sedimenta-
tion (Table 2) and the average depth of O2 penetration into 
the sediment (Fig. 1). Sedimentation rates varied from 
75 mg m−2 d−1 in Toolik Lake to 958 mg m−2 d−1 in 
GTH 112 and averaged 95 and 692 mg m−2 d−1 in deep and 
shallow lakes, respectively. Dissolved O2 concentrations 
decreased in a nearly linear manner with increasing 
depth below the sediment surface (Fig. 1). The depth 
of O2 penetration varied from 110 to 315 μm (Table 2), 
with averages of 166 and 275 μm for shallow and deep 
lakes, respectively. 
Average values for other physicochemical and 
biological properties were not significantly different 
between lake depth classes. Sediments to a depth of 
10 cm were flocculent in all lakes and exhibited high 
water content (74–93%) and low dry bulk density 
(0.08–0.36 g cm−3). Depth distributions of percent water 
content and percent organic content to 10 cm showed little 
variability with depth, and C:N ratios remained similarly 
constant with depth. Dry bulk density tended to increase 
slightly with increasing depth. Levels of Chl-a in the 
surface 0.4 cm of sediment in the 6 study lakes varied 
from 2.1 to 15.5 μg cm−3 (Table 2), but the averages of 
10.2 and 8.1 μg cm−3 in shallow and deep lakes, respec-
tively, were nearly identical. Overall, pore water DOC 
concentrations varied over a factor of 3, and the average 
of 811 μmol L−1 for shallow lakes was nearly twice the 
average of 481 μmol L−1 in deep lakes. When all data were 
considered, there was no correlation between catchment to 
lake area (CA:LA) ratios (Table 1) and sedimentation 
rates. Molar ratios of C:N in sedimenting material 
clustered around a value of 12, with the exception of 
GTH 112, which had a value of 16.0 (Table 2). Sediments 
generally showed higher C:N ratios, with values varying 
from 9.9 to 22.8. Organic content varied from 9 to 34% 
and was generally higher in shallow lake sediments. 
Profiles of pore water methane most frequently 
showed increasing concentrations with increasing depth 
below the sediment surface to 14 cm (Fig. 2). Lake 
Fig. 1. Representative depth distributions of dissolved O2 in surficial 
sediments from shallow (GTH 114; 1 July 2010) and deep (Toolik; 
12 July 2011) study lakes. Each datum point represents the mean of 
duplicate observations from each of 2 cores. The dashed line 
indicates the sediment–water boundary.
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GTH 112 was an exception, as both cores showed a peak 
of CH4 concentration at 8 cm below the sediment surface. 
Overall, pore water CH4 was higher in shallow lakes than 
in deep lakes at comparable depths below the sediment 
surface. Methane concentrations at 1 cm below the 
sediment surface varied from 3.7 to 56.3 μM in shallow 
lakes and from 3.4 to 16.2 μM in deep lakes. Methane 
concentrations at 14 cm below the sediment surface were 
around 600–800 μM for shallow lakes compared to 
200–250 μM for deep lakes.
In vitro rates of methanogenesis 
The average area-based rated of CH4 production in 
shallow lakes (13 700 μmol m−2 d−1) exceeded that of deep 
lakes (4000 μmol m−2 d−1) by a factor of 3, and the 
difference between means was significant (Table 3). 
Shallow lakes also showed significantly greater rates of 
CH4 production than deep lakes on a volumetric basis 
(0.45  and 0.13 μmol cm−3d−1 for shallow and deep, respec-
tively) and on a dry mass basis (5.57  and 1.01 μmol g−1 d−1 
for shallow and deep, respectively) as well.
Controls on rates of methanogenesis
The methanogenic response of sediment samples amended 
with direct substrates or methanogenic precursors showed 
3 consistent patterns relative to unamended controls 
(Fig. 3). First, addition of H2 stimulated methanogenesis 
by a factor of 2 to 6, and the effect was significant in all 
lakes except NE14. Second, maltose addition yielded 
elevated rates of CH4 production in all lakes except 
GTH 99; the effect was significant in NE14 and GTH 114. 
In these 2 lakes, rates of CH4 production in response to 
maltose addition were not significantly lower than rates in 
H2-amended samples. Third, addition of trimethylamine or 
acetate had no significant influence on rates of methano-
genesis in any lake relative to controls. 
Rates of methanogenesis following addition of alternate 
electron acceptors (SO4
2−, Fe3+, NO3
−) were not signifi-
cantly different from the mean rate in unamended controls 
(Fig. 3) despite NO3
−, Fe3+, and SO4
2− additions increasing 
concentrations of these chemical constituents as much as 3 
orders of magnitude relative to concentrations of NO3
− and 
total dissolved Fe and S in oxic surficial sediments 
Lake Depth
class
Sedimentation 
rate (mg m−2 d−1)
Sediment trap 
C:N (moles)
Sediment 
C:N(moles)
Chlorophyll a
(μg cm−3)
DOC 
(μM)†
O2 penetration
depth (μm)
GTH 99 shallow 381 (26) 11.2 (0.3) 11.8 (1.2) 6.9 (2) 616 (151) 180 (10)
GTH 112 shallow 958 (39) 16.0 (0.1) 22.8 (0.7) 15.5 (2) 1036 (121) 110 (9)
GTH 114 shallow 736 (30) 11.6 (0.1) 16.5 (2.0) 8.3 (2) 783 (112) 210 (25)
NE14 deep 117 (14) 10.7 (0.2) 9.9 (0.6) 7.1 (1) 306 (27) 280 (5)
GTH 100 deep 92 (7) 10.8 (2) 12.9 (0.3) 2.1 (0) 507 (76) 230 (30)
Toolik deep 75 (8) 11.7 (0.1) 15.0 (1.0) 15.2 (4) 631 (93) 315 (10)
†DOC = dissolved organic carbon
Table 2. Mean values (±1 standard error of the mean) for selected physiochemical properties of the study lakes. Values of n are 2 to 6, 
depending on the variable. Sampling dates for chemical and biological analyses of sediments: GTH 114, 1 July 2010; GTH 99 and GTH 100, 
9 July 2010; GTH 112, 29 June 2011; Toolik Lake, 12 July 2011; and NE14, 15 July 2011.
Fig. 2. Representative depth distributions of pore water CH4 for 
sediments in shallow (GTH 114; 6 July 2010) and deep (Toolik; 28 
July 2011) lakes. Each datum point is the mean of duplicate cores. 
Error bars are removed for clarity.
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overlying anoxic subsurface sediments (Table 4). 
Nonetheless, samples amended with NO3
− showed the 
lowest rates of methanogenesis in every lake (Fig. 3). 
Methanogenesis in NE14 and Toolik Lake showed no 
dose response to serial acetate additions (rates were not 
significantly different from those in unamended controls), 
despite enrichments in some cases in excess of 3 orders of 
magnitude over ambient acetate levels of 6.8 and 5.2 μM 
in the respective lakes (Fig. 4). When replicates were 
further treated with H2 gas, however, the mean rates of 
methane production after adding H2 were significantly 
higher in both lakes than the rates resulting from treatment 
with acetate alone at nearly all acetate treatment levels. 
Across all concentrations of acetate, the addition of H2 
caused the average rate of methanogenesis to increase by 
factors of 6 and 3 in Toolik Lake and NE 14, respectively. 
Lake Depth
Class
CH4 production
rate
(µmol m−2 d−1)
CH4 oxidation 
potential
(µmol m−2 d−1)
Percent assimilated
14CH4 recovered
as biomass
Net methanotroph
production
(µmol C m−2d−1)
Percent of 
epipelic algal C
production
GTH 99 shallow 14 600 (1700) 264 (13) 29 (2) 77 1.2
GTH 112 shallow 21 800 (2700) 246 (5) 18 (2) 44 2.0
GTH 114 shallow 4840 (370) 337 (16) 31 (1) 104 2.8
GTH 100 deep 850 (190) 261 (23) 48 (5) 125 6.3
NE14 deep 4440 (410) 492 (15) 17 (2) 84 N.D.†
Toolik deep 6750 (780) 536 (20) 26 (3) 139 N.D.
† N.D. = No data
Table 3. Average area-based rates of CH4 production (0.4‒9 cm depth increment), potential (maximum) rates of CH4 oxidation in surficial oxic 
sediment, percent of assimilated 14CH4 recovered as methanotroph biomass, potential net methanotroph production, and C production by 
methanotrophs as a percent of C production by epipelic algae. Values in parentheses represent ±1 standard error of the mean (n = 6). Sediment 
sampling dates for CH4 production and oxidation rate determinations are given in Table 2. Epipelic primary production data from Whalen et al. 
(2006, 2008).
Fig. 3. Multiple comparison (Tukey’s test) of ranked mean (n = 4) rates of CH4 production (μmol cm−3d−1) for study lake sediments amended 
with alternate electron acceptors (NO3
−, SO4
2−, Fe3+), or indirect (maltose [Malt]) or direct (acetate [Ac], trimethylamine [TMA], H2) methano-
genic substrates. Controls (Ctrl) received no additional substrates. For a given lake, treatment means are arranged in order of increasing rate of 
CH4 production. Treatment means not underscored by the same line show significantly different rates of CH4 production while those 
underscored by the same line show rates that are not significantly different. Sediment sampling dates: GTH 99, 100 and 114, 30 July 2010; 
GTH 112, 29 June 2011; Toolik Lake, 12 July 2011; and NE14, 15 July 2011.
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The percent of consumed CH4 recovered as biomass 
varied from 17% in NE14 to almost 50% in GTH 100, 
with means of 26 and 30% for shallow and deep lakes, re-
spectively. Net methanotroph production (calculated as 
the product of the area-based potential rate of CH4 
oxidation times the fraction of assimilated 14CH4 recovered 
as cellular biomass) varied from 44 to 139 µmol m−2d−1, 
with averages of 75 and 116 µmol m−2d−1 for shallow and 
deep lakes, respectively. Overall, net methanotroph 
production was 1.2 to 6.3% of epipelic primary production 
for lakes where data were available, with a mean of 3.1% 
(Table 3). Mean values for the potential area-based rate of 
CH4 oxidation, percent of assimilated CH4 recovered as 
cellular material and potential net methanotroph 
production showed no significant differences between 
lake depth classes. 
In vitro rates of CH4 oxidation
Volume-based potential CH4 oxidation rates in the 
0‒0.4 cm sediment depth interval varied from 
110 nmol cm−3d−1 in GTH 100 to 220 nmol cm−3d−1 in 
GTH 112. The mean of 180 nmol CH4 cm
−3d−1 for shallow 
lakes did not differ significantly from the mean of 
150 nmol CH4 cm
−3d−1 for deep lakes. Rate estimates 
included the activity of previously dormant methanotrophs 
(Roslev and King 1996) because O2 penetration depths 
were consistently <0.4 cm. Area-based potential rates of 
CH4 oxidation were calculated by proportionately adjusting 
volume-based rates for measured O2 penetration depths. 
Overall, rates varied from 246 to 536 µmol CH4 m
−2d−1 
(Table 3) and averaged 282 and 430 µmol CH4 m
−2d−1 for 
shallow and deep lakes. 
Fig. 4. Response in rates of CH4 production in study lake sediments to serial additions of acetate relative to rates in unamended controls. Error 
bars represent ±1 standard error of the mean (n = 2 for Toolik: n = 3 for NE14). Following a 4 d incubation, samples were further supplemented 
with H2 and rates of CH4 production were again determined. Sediment sampling dates: NE14, 11 August 2011; Toolik Lake, 12 August 2011.
Lake Depth class Fe Mn S NO3−-N
GTH 99 shallow 1.6 (0) 40 (1) 366 (3) 6.4
GTH 112 shallow 7.3 (0) 10 (1) 18 (0) 2.6
GTH 114 shallow 12.0 (0) 4 (0) 15 (0) 24.4
GTH 100 deep 43.0 (21) 15 (0) 78 (0) 5.6
NE14 deep 0.3 (0) 2 (0) 91 (6) ND†
Toolik deep 17.0 (0) 2 (0) 24 (0) 11.6
†ND = No data
Table 4. Total dissolved concentrations (μmol L−1) of selected chemical constituents in pore water of surficial sediments (0–0.4 cm depth 
increment) of study lakes. Values are means (±1 standard error of the mean) of duplicate determinations. Sediment sampling dates for pore 
water chemistry are given in Table 2.
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Discussion
Lake physicochemical characteristics
A fundamental difference between shallow and deep 
Arctic Foothill lakes seems to be the rate of sedimenta-
tion, which averaged 692 and 95 mg m−2 d−1, respectively. 
Although we cannot exclude resuspension as an 
explanation for the difference in sedimentation rates 
between lake depth classes, our data are in qualitative 
agreement with limited reports for other lakes in the 
region. The rate of sedimentation in Toolik Lake 
(75 mg m−2d−1) was similar to the long term 210Pb-derived 
sediment accumulation rate of 73 mg m−2 d−1 reported by 
Cornwell and Kipphut (1992). Overall, our rates fall 
toward the low end of the range of 400–7800 mg m−2 d−1 
reported by Fortino et al. (2009) for 6 shallow Arctic 
Foothill lakes, including GTH 112 and 114. On a broader 
scale, our sedimentation rates for shallow lakes are 
consistent with values of 349–420 mg m−2 d−1 reported for 
7 meso-oligotrophic temperate lakes (Weyhenmeyer et al. 
1997), but our rates for deep lakes are higher than the 
average value of 15 mg m−2 d−1 in oligotrophic Lake 
Baikal (Edgington et al. 1991). 
High CA:LA ratios tend to promote more watershed 
connectivity, which in turn gives rise to higher allochtho-
nous inputs and sedimentation rates (Van Geest et al. 
2003). Although mean rates of sedimentation were signifi-
cantly different by lake depth class, this is unlikely a 
consequence of differences in the CA:LA ratio because 
there was no identifiable relationship between these 2 
variables when the entire data were considered. More 
likely, the difference in average sedimentation rate 
between lake depth classes is driven by autochthonous 
factors for 2 reasons. First, both rates of phytoplankton 
productivity and water column Chl-a (Whalen et al. 2008, 
McGowan 2012) are higher in shallow than in deep lakes. 
Second, the average molar C:N of 12 in trapped particu-
lates in all lakes (Table 2) was closer to the expected ratio 
of 10 for freshwater phytoplankton (Geider et al. 2001) 
than the mean of 103 for terrestrial plants (Torgersen and 
Branco 2008). 
The other statistically significant physiochemical 
difference between shallow and deep lakes was the mean 
sediment O2 penetration depth, which averaged 166 μm in 
shallow and 275 μm in deep lakes. Oxygen penetration to 
lesser depths in shallow lake sediments is consistent with 
higher sedimentation rates because labile dead phytoplank-
ton promote high rates of aerobic respiration in surficial 
sediments following transport to the lake bottom 
(Rasmussen and Jørgensen 1992). In accordance with our 
results, Sweerts (1990, 1991) observed that the depth of O2 
penetration decreased with increasing lake productivity. 
Likewise, dissolved O2 extended to sediment depths 
between 100 and 300 μm in oligotrophic Lake Constance, 
Germany (Frenzel et al. 1990), but to <100 μm in Dutch, 
meso-eutrophic Lake Vechten (Sweerts and de Beer 1989).
Although not statistically significant, pore water DOC 
concentrations averaged almost 2 times higher in the 
shallow than deep lakes. This is in agreement with higher 
sedimentation rates of labile phytoplankton tissue in the 
former, which likely contributes to pore water DOC 
through decomposition. Our overall average concentration 
of 645 μM for pore water DOC is higher than values 
reported for other lakes sediments. Arctic Lake 18 
(Canada), temperate Little Rock Lake (USA), and 
subtropical Lake Kinneret (Israel) showed average pore 
water DOC concentrations ranging from 290 to 500 μM 
(Ramlal et al. 1994, Sherman et al. 1994, Adler et al. 2011).
In accordance with significantly higher sedimentation 
rates and generally higher DOC concentrations in surficial 
pore water, CH4 concentrations were consistently higher 
in pore waters of shallow lakes than deep lakes at 
comparable depths below the sediment surface. Despite 
their oligotrophic classification, highest pore water CH4 
concentrations of about 800 and 250 μM observed here 
for shallow and deep lakes are similar to the values of 
400–1000 μM reported for eutrophic lakes Müggelsee 
(Germany), Washington (USA), and Michigan (USA) at a 
depth roughly comparable to our maximum sampling 
depth of 14 cm (Kuivila et al. 1989, Buchholz et al. 1995, 
Rolletschek 1997). Increases in downprofile CH4 concen-
tration followed by a decrease, as seen in GTH 112, 
generally indicate ebullition (Matthews et al. 2005), 
although the highest concentrations observed here were 
below the temperature- and altitude-corrected saturation 
value of about 1800 μM we calculated for this lake from 
solubility data of Yamamoto et al (1976). Alternatively, 
similar profiles have been explained by transient events in 
CH4 production (Thebrath et al. 1993).
In vitro rates of methanogenesis
Area-based rates of methanogenesis were significantly 
higher in the sediments of shallow lakes, an observation 
that corroborates the greater measured supply of organic 
matter to the sediments and higher pore water DOC of the 
shallow lakes relative to the deep lakes. This result is also 
consistent with reports that CH4 production is directly 
related to the amount of organic matter delivered to the 
sediment surface (Kelly and Chynoweth 1981, Boon and 
Mitchell 1995). More specifically, in our study higher 
rates of phytoplankton productivity were likely 
responsible for increased rates of methanogenesis in 
shallow lakes because sediments supplemented with phy-
toplankton material in laboratory studies consistently 
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showed increased rates of methanogenesis (Schulz and 
Conrad 1995, Schwarz et al. 2008, West et al. 2012).
Our area-based rates of sediment methanogenesis 
(850–21 800 μmol CH4 m
−2 d−1; Table 3) compare directly 
with other studies employing in vitro incubations, but 
rates are nonetheless influenced by the temperature 
sensitivity of microbial consortium involved in CH4 
production (Whalen 2005). Our rates at 10 °C are 
generally higher than values of 8–5166 μmol CH4 m
−2d−1 
for sediments of 15 oligotrophic boreal and subarctic 
Swedish lakes incubated at 11–21 °C (Algesten et al. 
2005) as well as the average rate of 1400 μmol m−2 d−1 
observed for Lake Constance (Germany) sediments at 
4 °C. In contrast, Robertson (1979) reported much higher 
rates of 50 000–166 000 μmol CH4 m
−2 d−1 for sediments 
of eutrophic Third Sister and Frain’s lakes (USA) 
incubated at 4.5 °C. Estimates of net methanogenesis 
provided by sediment CH4 profiles or water column 
CH4 accumulation include 770 μmol CH4 m
−2 d−1 given 
for arctic Lake 18 in the Northwest Territory 
(Ramlal et al. 1994), 1000–10 000 μmol CH4 m
−2 d−1 for 
Ontario’s Lake 227 (Rudd and Hamilton 1978), and 
35 800 μmol CH4 m
−2 d−1 for eutrophic Lake Mendota in 
the United States (Fallon et al. 1980). 
Controls on rates of methanogenesis
Acetate and H2/CO2 are the primary substrates for metha-
nogenesis (Conrad 2007), and acetate amendment to 
sediments frequently stimulates methanogenesis (Boon 
and Mitchell 1995, Nozhevnikova et al. 1997, Nüsslein 
and Conrad 2000). The ambient acetate concentration of 
about 6 μM for measured lakes was 3 orders of magnitude 
below the half saturation constant (KS) for acetate 
utilization by cultured methanogens (Smith and Mah 
1978, Westermann et al. 1989, Jetten et al. 1992). Hence, 
it was unexpected that acetate additions to sediments had 
no noticeable impact on methanogenic activity in any lake 
(Fig. 3 and 4). Acetoclastic methanogenesis has been 
reported in sediments with acetate concentrations similar 
to those found here (Nüsslein and Conrad 2000), and these 
microbes are clearly active in at least GTH 114, as 
addition of CH3F, a specific inhibitor of acetoclasts, 
slowed the rate of CH4 formation (Lofton et al. 2014). In 
contrast to many previous reports, Fukuzaki et al. (1990) 
gives a KS value of about 4 μM for acetoclastic methano-
genesis in sludge, while Winfrey and Zeikus (1979) 
observed that acetate amendment failed to stimulate meth-
anogenesis in sediments showing pore water acetate con-
centrations similar to ours at 2.7–4.5 μM. Thus, the rate of 
acetoclastic methanogenesis in these lakes may not be 
substrate limited, and a zero-order kinetic model may 
apply.
Hydrogen addition consistently stimulated methano-
genesis here (Fig. 3) and elsewhere (Winfrey and Zeikus 
1979, Boon and Mitchell 1995, Nozhevnikova et al. 1997, 
Nüsslein and Conrad 2000). Acetoclastic methanogenesis 
frequently dominates cold lake sediments (Schulz and 
Conrad 1996, Glissman et al. 2004), but experimental 
warming effects a shift toward an increasing contribution 
of hydrogenotrophic methanogenesis with increasing 
temperature (Nüsslein and Conrad 2000, Nozhevnikova et 
al. 2007). Typical H2 concentrations of 10 nM in lake 
sediments (Lovley and Goodwin 1988) approach the 
threshold for utilization for hydrogenotrophic methanogens 
(Borrel et al. 2011). Increased temperature favors a shift to 
syntrophic production of H2 plus acetate at the expense of 
homoacetogenesis (acetate production only), effectively 
increasing H2-dependent methanogenesis (Schulz and 
Conrad 1996). Thus, experimental H2 addition here 
mimicked the effect of increasing temperature. 
Increased H2 availability is likely the reason maltose 
amendment commonly stimulated methanogenesis in our 
substrate addition experiments (Fig. 3) because this is one 
of many sugars that ferment to H2, as in the rumen during 
digestion (Hungate 1967). Enhanced methanogenesis by 
H2 addition to samples previously amended with acetate 
(Fig. 4) further points to the availability of H2 as a critical 
control on rates of total methanogenesis in these lakes. 
Lack of a stimulatory response of methanogenic activity 
to trimethylamine addition (Fig. 3) suggests that 
methanogens capable of utilizing this substrate (predomi-
nately Methanosarcinia; Zinder 1993) are absent here.
Rates of methanogenesis in samples amended with 
alternate electron acceptors (NO3
−, SO4
2−, Fe3+) did not 
differ significantly from rates in unamended controls 
(Fig. 3), although NO3
− addition consistently yielded the 
lowest methanogenic response of any treatment. Methano-
genesis is suppressed directly or indirectly by the presence 
of alternate electron acceptors through competition for 
common substrates (H2 and acetate) or the toxic effects of 
metabolic intermediates such as NO and N2O (Nüsslein et 
al. 2001, van Bodegom and Scholten 2001). Ferrihydrite, 
SO4
2−, and NO3
− amendments increased total dissolved 
concentrations of these substrates in overlying oxic pore 
water by 2–3 orders of magnitude and were at levels 
previously demonstrated to suppress methanogenesis 
(Lovley and Klug 1986, Boon and Mitchell 1995). 
Although SO4
2− reduction (Kuivila et al. 1989) and Fe3+ 
reduction (Thomsen et al. 2004) can be important 
pathways of organic matter mineralization in freshwater, 
the absence of a significantly reduced methanogenic 
response to amendments aimed at stimulating Fe- or SO4-
reducing activity suggest that these microbial groups are 
not important in organic matter mineralization in these 
sediments. Similarly, we conclude that neither competition 
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with denitrifiers nor intermediates of this microbial 
process adversely impact methanogens in these lakes. 
Rates of CH4 oxidation and importance of CH4-
derived C in food webs
Measured volume-based rates of potential methane 
oxidation in sediments of these study lakes are function-
ally similar and thus directly comparable to values of Vmax 
(maximum rate of CH4 uptake) in studies evaluating 
CH4 oxidation kinetics in surficial lake sediments. Our 
volume-based potential CH4 oxidation rates of 110–220 
nmol cm−3 d−1 exceed Vmax values of 7–108 nmol cm
−3 d−1 
reported for surficial sediments of lakes Washington, 
Superior, and Michigan in the United States (Lidstrom and 
Somers 1984, Remsen et al. 1989, Buchholz et al. 1995) 
but are lower by an order of magnitude than values given 
for a Danish freshwater wetland (King 1990). Overall, 
high values for surficial sediments here are consistent with 
high rates of methanogenesis in underlying anoxic zones. 
In this study we assessed only rates of aerobic CH4 
oxidation. Anaerobic CH4 oxidation has been widely 
reported in marine environments where it can contribute 
significantly to total CH4 consumption (Reeburgh 2007). 
This poorly characterized microbial process seems to be 
coupled with reduction of SO4
2− or NO3
− and has been 
reported in some lacustrine systems showing elevated 
concentrations of these compounds (Eller et al. 2005, 
Raghoebarsing et al. 2006). It is unlikely that anaerobic 
CH4 oxidation is important in our lakes. Pore water total 
dissolved S and NO3
− concentrations (Table 4) here are 
less than the apparent threshold SO4
2− concentration of 
500 µM (Borrel et al. 2011) for anaerobic CH4 oxidation 
and the observed NO3
−-N concentration of about 1 mM 
(Raghoebarsing et al. 2006) in freshwater sediments from 
which enrichment cultures of anaerobic CH4 oxidizers 
were obtained. 
The 30% recovery of assimilated 14CH4 into methano-
troph biomass in these lakes (Table 3) falls toward the low 
end of the 30–50% range observed in oxygenated water 
columns of Japanese (Utsumi et al. 1998) and North 
American lakes (Rudd and Taylor 1980, Buchholz et al. 
1995). A wider range (5–80%) was reported in a seasonal 
study of pelagic CH4 cycling dynamics in 3 south-central 
Swedish lakes (Bastviken et al. 2003), but these values 
include CH4 transformed into both particulate and 
dissolved organic C. 
Our estimate that potential methanotroph C production 
corresponds to 1.2–6.3% of epipelic primary production 
(Table 3) is the first to our knowledge for lacustrine 
surficial sediments. Others have reported that water 
column methanotrophy was <1–10% (Bastviken et al. 
2003, Kankaala et al. 2006) or even seasonally equal to 
phytoplankton primary production (Utsumi et al. 1998). 
Our estimates adjust downward if we consider that the 
incubation temperature exceeded the in situ surficial 
sediment temperature and if CH4 supply to the surficial 
zone of oxidation is subsaturating. In contrast, if we 
assume that epipelic autotrophy is limited to the summer 
months while methanotrophy occurs year-round, metha-
notroph C production could be up to 23% of epipelic 
primary production. Gut DNA evidence in Chironomus 
(Gentzel et al. 2012) and highly negative C isotope 
signatures (δ13C < −35‰) in benthic macroinvertebrates 
(Hershey et al. 2006) point to the importance of 
CH4-derived C in the benthic food of GTH 112. Our 
results corroborate these previous observations for this 
lake and more broadly suggest that methanotrophs are an 
important regional food resource for benthic food webs.
Overall, this study provides initial insights into con-
temporary rates and controls on sediment CH4 cycling 
dynamics and the role of CH4-derived C in benthic food 
webs of Alaskan Arctic Foothill lakes. Similar studies 
should be extended to the overlying water and to other 
provinces of the circumpolar Arctic to develop a compre-
hensive understanding of whole lake CH4 biogeochemis-
try in this ecologically sensitive region to better predict 
the response trajectory of the lacustrine CH4 cycle in 
projected future climates. 
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